We have demonstrated that multicomponent carbon nanotube micropatterns, in which different nanotubes are interposed in an intimate fashion, can be prepared by pyrolytic growth of carbon nanotubes on interposed micropatterns of different metal nanoparticles generated by template-free pulsed electrodeposition of metal-containing salts onto a photolithographically prepatterned conductive surface at different peak potentials. The resultant multicomponent interposed carbon nanotube micropatterns should have important implications for the construction of multicomponent and multifunctional nanomaterials and nanodevices based on carbon nanotubes for a wide range of potential applications.
Introduction
With the recent significant advances in nanoscience and nanotechnology, various nanostructured metals and metal alloys have been prepared for a wide range of potential applications. Examples include the use of metal nanoparticles as advanced catalysts and metal nanowires as efficient electron emitters [1, 2] . In particular, a large number of techniques, including the vapour deposition of metal thin films coupled with annealing in a reducing atmosphere [3] [4] [5] [6] [7] , wet deposition of dilute solutions of metal salts followed by calcinations and annealing in reducing atmosphere [8] [9] [10] [11] , direct inclusion of metal nanoparticles in colloid suspension [12] [13] [14] [15] [16] [17] [18] [19] or sol-gel systems [20, 21] , and plasma etching or ion bombardment of metallic substrates [22, 23] , have been devised for preparing metal nanocatalysts on substrates for carbon nanotube growth. Although the electroplating of metals on conductive substrates has a long history in industrial applications, only a few recent studies involve the use of electrodeposited metals, mainly in the 1 Author to whom any correspondence should be addressed. nanopores of alumina template membranes, to produce metal nanoparticles for the growth of carbon nanotubes [24] [25] [26] . In these cases, a rather tedious post-synthesis process is often required to remove the template to produce pure carbon nanotubes [27] .
On the other hand, carbon nanotubes have been demonstrated to be useful in many microscale or nanoscale electronic and photonic devices [28] . The ability to manipulate them for heterogeneous integration on a micrometre to nanometre scale is of paramount importance to both fundamental characterization and potential applications of carbon nanotubes in various advanced optoelectronic devices [28, 29] . In this context, we have developed microfabrication methods for micropatterning of carbon nanotubes with a submicrometre resolution [30] [31] [32] . Following our earlier work on the microfabrication of carbon nanotubes, we have recently carried out the template-free electrodeposition of cobalt (nickel) nanoparticles by applying an AC voltage across an aluminium working electrode and graphite (nickel foil) counter-electrode in a two-electrode electrochemical cell containing an aqueous solution of 0. The resultant metal nanoparticles with a nanometre-scale size, together with the ease with which multicomponent interposed metal nanoparticle micropatterns could be prepared by a region-specific template-free electroplating, prompt us to grow interposed multicomponent micropatterns of different carbon nanotubes from the interposed micropatterns of different metal nanoparticles. Here, we report this simple, but very effective, template-free electroplating method for region-specific deposition of cobalt and nickel nanoparticles for patterned growth of carbon nanotubes. The resulting carbon nanotube micropatterns in which multicomponents are interposed in a controllable fashion should be of significance for many nanotube-based multifunctional systems, such as sensor chips and multifunctional optoelectronic devices [33] .
Experimental details

Materials and characterization
Aluminium foils were cut into pieces of 12 mm × 60 mm as the electrodes. H 3 BO 3 , NiSO 4 and CoSO 4 were all analytical grade, purchased from commercial sources and used without further purification. Positive photoresist AZ 3312 and the corresponding AZ 300 MIF developer were supplied by Clariant Corporation. A medium pressure mercury UV lamp and TEM copper grids of both 200 and 600 meshes were used as the UV light and photomask, respectively, for photopattering. Scanning electron microscopic (SEM) images were recorded on a Hitachi S-2150 SEM unit and a Hitachi S-900 field emission-type SEM unit. Atomic force microscope (AFM) images were taken with a Digital Instruments AFM (Veeco Metrology), using the tapping mode.
Patterned and nonpatterned electrodepositions
Prior to the electrodeposition, the aluminium surface was cleaned in an aqueous solution of chromic acid (2 wt%), phosphoric acid (6 wt%) and hydrofluoric acid (0.001 wt%). The aluminium electrodes were then electropolished in a mixture of perchloric acid and alcohol; this was followed by electrodeposition of nickel and cobalt nanoparticles in aqueous solutions of 0. Figure 1 shows the steps of the patterned electrodeposition of nickel and cobalt nanoparticles. Prior to the patterned electrodeposition of metal nanoparticles, a thin layer of positive photoresist (AZ 3312 from Clariant Corporation) was spin-cast on the electropolished aluminium surface; this was followed by drying in an oven at 80
• C. Upon UV exposure from a medium pressure mercury lamp through a TEM grid as the photomask, the photoresist film in the exposed regions was rendered soluble in AZ 300 MIF developer purchased from the same company. Cobalt nanoparticles were then electrochemically deposited into the photoresist-free areas within the patterned photoresist structure under an alternating potential (60 Hz) of 6.5 V with a graphite rod counter-electrode in an aqueous solution of 0. cobalt-deposited electrode with flowing water and anhydrous acetone removed the resist that was not exposed to the UV light to regenerate the underlying aluminium surface. After being cleaned again by immersing in a dilute solution of sodium hydroxide and potassium dichromate for a few seconds this time, the resulting electrode prepatterned with cobalt nanoparticles was then used for electrodeposition of nickel nanoparticles at 4.0 V with the alternating power and a nickel foil counter-electrode in an aqueous solution of 0.4 M H 3 BO 3 and 0.3 M NiSO 4 for 1 min. As cobalt and nickel nanoparticles were electrodeposited under two different voltages, the high voltage (AC 6.5 V) applied during the cobalt deposition could lead to the formation of a relatively thick charge barrier layer by electro-oxidation of aluminium at the negative half-cycle of the alternating potential, which can act as an effective insulating coating at the relatively low voltage required for the nickel deposition (AC 4.0 V) to avoid the formation of nickel nanoparticles over the cobalt-covered areas. As we shall see later, a desired particle size and packing density for nanotube growth make 20 s and 1 min the electrodeposition times of choice for Co and Ni, respectively. 
Carbon nanotube growth
Carbon nanotubes were grown on the Co/Ni-deposited aluminium substrates by pyrolysis of acetylene under H 2 /Ar in a quartz tube furnace at 630
• C [24] . Prior to the introduction of acetylene as the carbon source for the carbon nanotube growth, the substrates were heated up to 630
• C at a preprogrammed heating rate of 50
• C min −1 and annealed at this temperature for 30 min under hydrogen and argon flow to reduce the catalytic particles to pure metallic form in the quartz tube furnace.
Results and discussion
In a typical experiment, we carried out the templatefree electrodeposition of cobalt (nickel) nanoparticles by applying an AC voltage across an aluminium working electrode and graphite (nickel foil) counter-electrode in a two-electrode electrochemical cell containing an aqueous solution of 0.4 M H 3 BO 3 and 0.3 M CoSO 4 (0.3 M NiSO 4 ). Aluminium foils were chosen for the working electrode because nanoporous membranes can be prepared from the same material by anodizing for template electrodeposition of metal nanoparticles. If necessary, metal nanoparticles prepared by the template electrodeposition can be used as references for comparing with their template-free counterparts.
Figures 2(a) and (b) show typical SEM images for the aluminium surface before and after the template-free electrodeposition of nickel nanoparticles at 4.0 V for 5 s. As can be seen, particles thus prepared had an average diameter around 20 nm. A longer electrodeposition time caused an increase in the particle packing density and particle diameter.
Figures 2(c) and (d) show typical atomic force microscopy, AFM, images for the Ni and Co nanoparticles electrodeposited without a template at 4.0 V for 1 min and 6.5 V for 15 s, respectively. In both of the AFM images, a homogeneous coverage of spherical nanoparticles with a diameter of about 50 nm is clearly evident. As can be seen in figure 2(c) , nickel nanoparticles were even deposited into the pits or small holes which were formed by removal of impurities from the aluminium surface through electropolishing.
The mechanism for nanoparticle formation by templatefree electroplating is consistent with a pulsed electrodeposition process, in which we used sine wave voltages having a half of the wave period of 8.3 ms (60 Hz) and peak potentials of − (2) 1/2 × 4 = −5.7 V for nickel and −(2) 1/2 × 6.5 = −9.2 V for cobalt deposition during the negative halfcircle. A pulse potential, which spans a very short time (typically, ms) but at a much higher voltage than that used in conventional direct current electrodeposition, can facilitate the instant formation of small nuclei for the growth of the metal nanoparticles by the template-free electrodeposition. The growth of the metal nanoparticles during the high frequency (60 Hz) pulsed electrodeposition process studied here is most probably controlled by diffusion of the electrolytes from the bulk solution to the electrode/solution interface, especially at the early stages of the electrodeposition. Under diffusion control, small particles could grow faster than larger particles at any given time due to an enhanced metal ion supply associated with the relatively high surface-to-volume ratio. Owing to the short pulse period for diffusion of the metal ions from the bulk solution to the electrode, the local concentration of metal ions near to the electrode/solution interface could be constantly too low to support the formation of any abnormally large particle(s). Consequently, all of the nanoparticles produced by the template-free electrodeposition possess a uniform diameter (figure 2)-much like those monodispersed structures produced in a confined space by the template synthesis involving alumina membranes. As can be seen in figure 2, however, the particle size can be regulated within a certain range by controlling conditions for the template-free electrodeposition (e.g. pulse wave width and duration, peak potential).
The above-observed metal nanoparticles having a welldefined diameter, together with the ease with which the multicomponent interposed micropatterns of different metal nanoparticles could be prepared by a region-specific templatefree electroplating method developed in this study (vide infra), suggests a wide range of potential applications for the resultant metal nanoparticles, especially for (multicomponent) patterned/nonpatterned growth of carbon nanotubes. To demonstrate the feasibility for growing carbon nanotubes from the template-free electrodeposited metal nanoparticles at a high temperature (e.g. 630
• C), the possible effects of heating on the metal nanoparticles were investigated. Figures 3(a) and (c) show AFM images of the nickel particles electrodeposited for 5 s and 5 min with subsequent heating at 630
• C in Ar/H 2 for 1 min. Also included in the figures are the corresponding surface views (i.e. figures 3(b) and (d)).
Comparison of figure 3(a) with figure 2(b) indicates that no obvious thermally induced aggregation was observed for the nickel nanoparticles generated from the electrodeposition for 5 s after having been heated up to 630
• C in Ar/H 2 for 1 min. In contrast, large particles having diameters of several hundred nanometres were seen for the nickel nanoparticles electrodeposited for 5 min upon heating under the same conditions ( figure 3(c) ). The newly formed large particles apparently resulted from the thermally induced aggregation of small nanoparticles, as the individual small particles can still be clearly identified around the large entities. Similar thermally induced aggregation was also observed for cobalt nanoparticles produced by template-free electrodeposition for about 20 s, which shows an AFM image similar to figure 2(d) before the heating. The absence of thermally induced aggregation for those particles electrodeposited within a relatively short period of deposition time is attributable to the weak interparticle interaction due to a low surface packing density of the particles formed at an initial stage of the electrodeposition process. These results indicate that there is considerable room for regulating diameters of the nanoparticles, and hence the structure of carbon nanotubes subsequently formed, by a simple thermal treatment.
In view of the fact that carbon nanotubes can be grown on both nickel and cobalt nanoparticles [34] , we proceeded to prepare interposed multicomponent micropatterns by coelectrodeposition of nickel and cobalt nanoparticles in a regionspecific fashion at different reduction potentials (see section 2), and then used the aluminium substrate prepatterned with the nickel and cobalt nanoparticles for region-specific growth of interposed carbon nanotube micropatterns by pyrolysis of acetylene under H 2 /Ar at 630
• C. The region-specific electrodeposition was confirmed by the SEM image shown in figure 4 The resultant aluminium surface covered with the interposed micropatterns of cobalt and nickel nanoparticles was finally used for patterned growth of carbon nanotubes by pyrolysis of acetylene under H 2 /Ar in a quartz tube furnace at 630
• C. annealing-induced aggregation of cobalt nanoparticles during the nanotube growth process, as discussed earlier.
As there was no thermally induced aggregation for Ni nanoparticles electrodeposited for 1 min (figure 3), no mushroom-like appearance was observed for carbon nanotubes grown from Ni nanoparticles in the line regions ( figure 5(a) ).
Conclusions
In summary, we have demonstrated that metal nanoparticles can be produced by template-free pulsed electrodeposition of metal-containing salts onto a conductive surface using alternating potentials. This, coupled with photolithographic patterning methods, enabled us to prepare multicomponent interposed micropatterns of metal nanoparticles by sequential pulsed electrodepositions of different metals (e.g. Co, Ni) onto a prepatterned substrate (e.g. Al foil). The micropatterned cobalt and nickel nanoparticles thus produced were further demonstrated to be catalytically active for growth of multicomponent carbon nanotube micropatterns, in which different nanotubes are interposed in an intimate fashion. These results, together with the highly generic nature characteristic of the electrochemical and photopatterning methods for region-specific deposition of various metallic and nonmetallic (e.g. conducting polymers) species, indicate that the methodology developed in this study could be regarded as a general approach to the construction of multicomponent and multifunctional nanomaterials and nanodevices for a wide range of potential applications.
